The macrosegregation model that heat transfer, solidification, liquid flow and solute movement were considered was developed to simulate the generation of the center-line segregation in the casting of steel. The classical model which considers only the liquid flow caused by solidification shrinkage leads the negative segregation which contradicts the fact. In order to explain the contradiction, the bulging of the cast slab has been claimed to be important factor to form the positive segregation at the center of the cast. However, some experimental data show that the bulging has not been necessarily formed during the generation of center-line segregation. In this case, the bridging with the solidification shrinkage has been found to be formed instead of the bulging. In this paper, the macrosegregation model is developed considering, thus, three driving forces of fluid flow; solute concentration, thermal expansion and solidification shrinkage. This simulation results show that the primary driving force which results in the center-line segregation is the solidification shrinkage with the bridge. In addition to that, the mechanism of generating the center-line segregation is discussed based on the simulation results.
Introduction
Center-line segregation in continuous casting of steel degrades the quality of products such as hydrogen-induced crackling.
1) It is known that the generation of center-line segregation in continuous casting is caused by the fluid flow of the liquid phase in the mushy zone at the final stage of solidification. 2) In order to generation of positive segregation in the center fluid flow of liquid steel among dendrites is needed.
3) Both bulging and solidification shrinkage have been considered as the principal cause for such flow. The flow of liquid steel by bulging occurs because the bulged shell due to the static pressure of the molten steel is reduced by rolls, and thus the liquid steel among dendrites is pushed out toward the center. 3, 4) Some numerical study on the centerline segregation by bulging are performed. [3] [4] [5] For preventing bulging, such as shortened roll pitches using rolls of smaller diameter, intensified secondary cooling, and maintained roll alignment have been considered and performed. [6] [7] [8] [9] [10] Fluid flow of liquid steel by solidification shrinkage is occurred because the liquid steel among dendrites is sucked out by shrinkage during solidification. The effects of this fluid flow on segregation have been variously discussed. [11] [12] [13] [14] The effects of the solidification shrinkage on center-line segregation are examined using the numerical analyses. However, solidification shrinkage create negative segregation because solidification shrinkage creates the flow toward the solidification shell from the center. 3, 4) It follows that it is indispensable for forming positive segregation to generate bulging. By contrast, Suzuki, et al. 11) claim in their report that fluid flow by solidification shrinkage generate V shape segregation by experimental method using molds of various shapes. Suzuki 12) studies the effects of bridging by observing solidification structure in the continuous casting of billets. In this study, bridging is formed by the equiaxed dendrite that is accumulated at some convex parts of solidification shell. And thus, center-line segregation is created by suction of liquid steel among dendrites around the bridging due to solidification shrinkage. Asano, et al. 2) say that contribution rate of metallurgical factor for center segregation (i.e. Solidification shrinkage) is 33% and a mechanical factor (i.e. bulging) is 25%. They say that the metallurgic factor has a large effect on the generated center-line segregation.
In addition, Uchimura, et al. 15) show the positive segregation by using constricted mold made of refractries. This experiment of Cu addition during solidification indicates that the positive segregation is generated below the bridging by suction from above the bridging as the permeability of ISIJ International, Vol. 54 (2014), No. 2 constricted section increases. As in this experiment, the positive segregation occurs without bulging. In our work, the macrosegregation model is developed considering three driving forces of fluid flow; solute concentration, thermal expansion and solidification shrinkage. By using this simulation model, it is analyzed the effect of bridging for the positive segregation formation. In addition, the effect of the driving forces of fluid flows for the formation of positive center-line segregation is discussed.
Calculation Methods

Calculation Model
The basic calculation formulas used for the present model are shown in Formulas (1) Where, t, u, ρ, p, ν, K, Δρ, g, β, T, c, q, L, fs, CL, and k respectively denote time, flow velocity, density, pressure, kinetic viscosity coefficient, permeability coefficient, change in density accompanying varying temperature and solute content, gravity, solidification shrinkage rate, temperature, specific heat, heat flux, latent heat, solid fraction, liquid phase solute content, and equilibrium distribution coefficient.
Formulas (1)-(4) denote each momentum equation for liquid, continuation equation, solute conservation equation, and energy conservation equation. In this model, fluid flow by solidification shrinkage, thermal convection, and solute convection are taken into consideration. Thermal convection and solute convection are calculated by translating from temperature difference and solute content difference to density change by using Boussinesq approximation. Fluid flow by solidification shrinkage is taken into consideration by formula (2) . Microsegregation model is used the GuilliverScheil model. Solidification is calculated by using the temperaturerecovering method. By using this method, temperature and solid fraction are calculated separately. And thus the change of solid fractions with change in solute contents can be calculated. The progress of solidification is calculated by Formula (5) . The first term of the right side of Formula (5) denotes the change in solid fractions by changing in temperature and the second term denotes the change in solid fractions by changing in solute contents. Liquidus temperature TL and equilibrium distribution coefficient k are obtained by calculation using Thermo-Calc which is a thermo-dynamic calculation software. The formulas for calculating TL and k are expressed in Formulas (6)- (7) . Coefficients used for calculating Formulas (6)- (7) are listed in Table 1 (8) Calculation is conducted using the FLUENT6.3.26 which is the commercial CFD software. Fluid flow in Darcy flows is calculated using the SIMPLE Method. Density, temperature, momentum, and solute content are discretized by using the linear upwind difference method. Liquidus temperature and solid fraction are calculated as UDF (User-defined Function). The physical properties of the materials used for calculations are listed in Table 2 . Segregation is investigated for a binary Fe-C alloy with the two-dimensional calculation. Calculation ingot size is a width of 0.5 m and a height of 2.0 m. The mesh size is 0.002 m, and the time step interval is 0.5 sec. The distance from the ingot center is taken as the x axis and that from the bottom is the y axis. Cooling is considered on the side wall only, and the bottom and upper wall are adiabatic condition. The temperature condition of the side wall is shown in Formula (9). 
It is assumed that the temperature of the side wall is cooled at a constant rate from the initial temperature shown by Formula (9) . In this calculation, the value α is 1 500. In order to compensate for changing volume by solidification shrinkage, an inlet for liquid steel is set at the top of the ingot. The liquid steel with the initial temperature and the initial carbon content is supplied from the inlet when a pressure becames 0 Pa and over.
Procedure to Form Bridging
Bridging is generated by the temperature gradient of the initial temperature on the side wall. T(y)= -50×y+1 900 is given on the side wall in order to set the temperature gradient which is a low temperature at the upper part of the wall and a high temperature at the lower part. The distribution of the initial wall temperature is shown in Fig. 1(a) . It is reported that the fluid flow of liquid steel is blocked when a solid fraction reaches 0.3 or beyond. Accordingly, the bridging section is defined the part that solid fraction at the center reached 0.3 most quickly and there is the site at the below that solid fraction is under 0.3. Figures 1(b) and 1(c) show a bridging by the broken line. Bridging is formed at the slightly upward from the middle height of the ingot. This is because the solidification in the upper ingot is delayed by supplying hot liquid steel from the top of the ingot. By contrast, for no bridging, T(y)=70×y+1 900 is given on the side wall in order to set temperature gradient which is a high temperature at the upper part of the wall and a low temperature at the lower part. Figure 2(a) show the carbon distributions of carbon content without bridging when the center solid fraction at the 1.8 m height reaches 1.0. And Fig. 2(b) show the carbon distribution with bridging when he center solid fraction at the bottom reached 1.0. In both cases, calculations are taking into consideration three driving forces of fluid flow; thermal convection, solutal convection, solidification shrinkage. Figure 3 show the carbon distribution at the center. Figure  3 show that if no bridging is formed, negative segregation would be generated at the center, similar to the conventional numerical results of the center-line segregation. Carbon content at the center of ingot is 0.102%, while the averaged carbon content in ingot is 0.103%, and thus the segregation ratio is 0.99. The reason why the average carbon content in the ingot is higher than its initial stage is that the molten steel is supplied from the top of ingot because of the solidification shrinkage. On the other hand, with bridging, negative segregation with a minimum carbon content of 0.08% is generated above the bridging and positive center-line segregation with a maximum carbon content of 0.12% is generated below the bridging, and thus the segregation ratio is 1.2. The lower end of the negative segregation and the upper end of the positive segregation are connected one another with the interface of the bridging section. This fact signifies that the positive center-line segregation is generated when bridging is formed. Figures 4(a)-4(c) show the distributions of the carbon content with bridging after solidification, which are taking into consideration the separate single fluid flow for each thermal convection, solute convection, and solidification shrinkage. Figure 5 shows the distribution of solute content in the 1.0 m height of ingot. As shown in Fig. 5 , no positive segregation is generated around the thickness center, while there is small variation of carbon distribution between 0.099% and 0.101% in the carbon content for single solute convection, and between 0.095% and 0.101% for single thermal convection. This result shows that thermal convection and solute convection don't contribute to the center-line segregation generation. On the other hand, by considering only solidification shrinkage, positive segregation is generated in the center with maximum carbon content of 0.135%. Segregation ratio is 1.35. This result shows that the positive segregation is generated by solidification shrinkage. Figure 6 demonstrates the solid fractions in the center in the following two cases; all of the three driving force of fluid flow have been taken into consideration, the only solidification shrinkage fluid flow has been taken into account. This result shows that the thermal convection and solute convection occur the difference in the bridging position and the timing. Thereby, it is considered that thermal convection and solute convection don't contribute to the generation of positive center-line segregation, while they contribute to bridging generation.
Analyses Results
Effect of the Bridging on Positive Center-line Segregation
Effect of the Fluid Flow by Thermal Convection, Solute Convection and Solidification Shrinkage
Discussions
Transition of the Distribution of Carbon Content,
Pressure, Velocity Vector and Solid Fraction In Figs. from 7 to 10, the distribution of pressure, the carbon content, the velocity vector and the solid fraction with bridging are respectively shown in a chronological order, i.e., immediately before bridging occurrence, at 20 s, at 30 s, and at 35 s each after bridging occurrence, as well as after solidification.
Right before forming the bridging, the pressure of the ingot in the lower section is higher than in the upper section as shown in Fig. 7(a) . At this moment, the molten steel moves toward the direction of solidifing shell as shown in Fig. 8(a) , and thus no solute concentration is generated as shown in Fig. 9(a) .
According to Fig. 7(b) , 20 seconds after forming the bridging, negative pressure is generated in the section below the bridging. The pressure is to be minimum (-5.8×10
4 Pa) slightly below the bridging. This reveals that the fluid flows orienting downward in the section below the bridging occur as shown in Fig. 8(b) . As shown in Fig. 9(b) , carbon content is concentrated in the section below the bridging, and the carbon content is reduced in the section over the bridging.
Along with the further progression of the solidification (30 s after bridging), the pressure decreases to -1.2×10
7 Pa at below the bridging. It means that the position where the minimum pressure is found moves rather downward with time elapsing than just after bridging. In addition to the downward flow, Fig. 8(c) shows the fluid flow toward the negative pressure in the section below the bridging, the increase of the molten steel fluid towards the center and increase in the carbon content in the center. For the better visibility, the distribution of the solid fractions at this moment is magnified in Fig. 10(d) . The solidification speed is more rapid in the zone surrounding the center of the bridging zone than the inside, which reads the larger permeability in the outside of the center than in the center. Hence, the molten steel is easy to flow in the outside the center. As shown in the enlarged figure of Fig. 8(d) , the molten steel flow stream is formed in the bridging zone because the flow velocity in the center of the bridging is slower than in surroundings. The velocity of molten steel flow in the lower section of bridging at that moment is at most 0.0001 m/s. It indicates that the concentrated solute at this moment can not come from above the bridging but, possibly, flows in from the outside of the center section of the ingot. As mentioned above, in the upper side of the bridging area, the negative segregation occurs because of the flow toward outer-bottom, whereas in the bottom side, the positive segregation occurs because of the flow toward inner-top.
The Mechanism of Generation of the Center-line Segregation
In this section, we analyse the mechanism of forming the center-line segregation.
As we have seen above, molten steel flows from upstream to downstream around the thickness center section toward solidifying shell in the vicinity of the solidification front by solidification shrinkage until the bridging begins to form, which agrees with the classical notion. As shown in Fig.  11(a) , if bridging of fs>0.3 is formed due to nonuniform solidification, the shortage of molten steel to the section below the bridging caused by the negative pressure occurs due to solidification shrinkage. The negative pressure also causes the downward stream of molten steel derived from the zone where the solute is concentrated among the dendrites and where the liquid fraction is relatively high (see Fig. 11(b) ). As the molten steel with a low solute concentration flows in the center of bridging section from above, the solid fraction increases compared to outside of the center section, and hence the downward flow of the molten steel is prevented at the center section. Along with the solidification, the negative pressure increases in the section below the bridging. Then, as demonstrated in Fig. 11(c) , as magnitude of the negative pressure in the section below the bridging level increases, the flow intensifies from solidifying shell to the thickness center. As demonstrated by Mehrabian, et al., 16) a molten steel flow toward the center from solidifying shell side is necessary for the generation of positive segregation. The flow accelerates the solute concentration by absorbing the molten steel among dendrites toward the center, and at the same time, the molten steel is supplied to the bottom side, which also contributes to the growth of the center-line segregation. In the this calculation, solid fraction fs in the bridging section is 0.95, and a permeability coefficient is 7.9×10 -15 m 2 by Eq. (8) . This permeability coefficient coincides with that of the fluid flow limit of 2.1×10 -15 m 2 , obtained by Takahashi, et al. 17) Following the above procedure, the priority flow can be found in Fig. 11(d) , in a section with a lower solid fraction. The molten steel entails a lower solid fraction at a position where the concentrated molten steel flows in. As a result, the flow stream of the molten steel forms and keeps its shape supplying steady amount of molten steel. In the present calculation, the solid fraction fs in the molten steel flow stream is always not more than 0.98, whereas the permeability coefficient is not less than 4.8×10 -16 m 2 . We conclude here that, negative segregation is formed in the section over the bridging, whereas positive center-line segregation is formed in the section below the bridging. The flow channel of the concentrated molten steel in the section below the bridging results in V shape segregation; the conclusion appears to be good agreement with the experimental results by Uchimura, et al. 15) 
Conclusions
Changes in solid fractions due to temperature variation as well as those due to solute concentrating is concurrently deal with, the simulation model of center-line segregation taking into account solidification shrinkage fluid flow, thermal convection, and solute convection are created, and analyses are performed on the effects of bridging on center-line segregation. Following results are obtained.
(1) Positive segregation is generated in the center section by bridging formation and solidification shrinkage fluid flow.
(2) The center-line segregation at the moment of bridging formation is generated according to these steps: i) bridging formation, ii) negative pressure generation, iii) generation of the molten steel flow, iv) formation of flow channel to supply molten steel in the outside of core of bridging, and v) positive segregation generation caused by supplying concentrated molten steel from the solidifying shell side toward the thickness center.
(3) Generation of fluid flows directing from the solidifying shell side toward the thickness center is needed for Fig. 11 . Schematic views of center-line segregation generation mechanism. © 2014 ISIJ positive segregation generation in the section below bridging level. For generation such flow, molten steel flow channel is formed in the outside of core and molten steel is supplied downward from the above section of bridging. The formation of these flow channel involves taking consideration of varying solid fractions due to the changing of solute concentrations.
